SAR (Synthetic Aperture Radar ) systems are special types of radar that produce high resolution images (comparable to optical sensors) in all weather conditions, night and day. SAR sensors have many applications in marine and arctic applications. In this paper a compact SAR prototype system is developed for UAV (Unmanned Aerial Vehicle) platform. The radar is based on FMCW (Frequency-Modulated ContinuousWave) radar mode. The system integrates a high performance RTK(Real Time Kinematic) GPS and IMU(inertial measurement unit) based motion compensation module, FPGA(Field Programmable Gate Array) based controller and signal processing module. It has a resolution of 0.3 meter with the weight below 2 kg. It has been test and verified on the guide rail, car and integrated on a rotary UAV. The system will extend the capability of UAV in the marine and arctic remote sensing area.
INTRODUCTION
Synthetic Aperture Radar (SAR) is a kind of active remote sensing systems. It has advantages of high resolution, long distance, big coverage and can work in all weather conditions, night and day. A number of SAR applications have been found in remote sensing such as environment monitoring, ground mapping, object detection, and so on. In the marine and arctic area, it can be used for sea wave measurement, sea ice monitoring, marine pollution detection, ship and vessel monitoring [1] .
For example, the oil spill is one of the main source of marine pollution. It can damage the marine and coastal ecosystems. Nowadays, the likelihood of oil spills and accidental releases is increasing in the Arctic area as new shipping routes are available and oil resources become more easily accessible due to a reduction in the extent and thickness of the Arctic sea ice. Today, A set of national and international research projects has been promoted to detect the dramatic long-term and short-term effects caused by oil spills. In such a framework, the most widely used sensor is based on the SAR technology [2] [3] . Another important application of SAR is the sea ice monitoring. The high resolution and multi-polarmetric SAR data can provide the electromagnetic scattering properties of the sea ice, information of the sea ice distribution, movement [4] .
Today most of the SAR systems are installed on the satellites or airplanes. In recent years, a new remote sensing technology based on Unmanned Aerial Vehicle (UAV) SAR has emerged. This technology provides a great potential for detailed monitoring of areas up to a few thousand square kilometers. Compared to a manned aircraft, the advantages of using a UAV are that it does not need a qualified pilot on board, can enter environments that are dangerous to human life, can be programmed to work autonomously, performs a precise scan of a region during day and night with a relatively low cost. Compared to the satellite SAR, the UAV SAR has a higher resolution and can provide much higher noise equivalent sigma zero (NESZ) performance than the existing satellite SAR to find more information of electromagnetic scattering properties of the object. For instance, the NASA full polarimetric UAVSAR used in the detection of the oil spill in the Gulf of Mexico can discriminate the oil spills with different thickness [5] .
In this paper, a SAR prototype is developed for the UAV platform and will be mainly used for marine and arctic application with idea shown in Fig.1 . It is based on FMCW radar mode with the resolution of 0.3 meter and weight below 2 kg. The system has been test on the rail guide, car and integrated on the UAV platform. In order to explore the UAV SAR in the marine and arctic application, some preliminary tests with water and ice are also carried out. 
SYSTEM DESIGN
In this paper, the SAR radar system is base on FMCW radar mode. Compared with the pulsed radar, FMCW radar has advantages of small size, light weight, power efficiency, low cost and high radar bandwidth. It can be integrated on small UAVs.
Hardware Design
The SAR hardware system is mainly consisted of the radar module and motion compensation module. The FMCW radar module block diagram is shown in Fig.2 . The PLL (phase locked loop) and VCO (voltage controlled oscillator) is used to generate the linear frequency modulated microwave signal. Then after amplified with a PA (power amplifier) the signal is transmitted through the Tx antenna. The transmitting signal is also coupled to the receiver mixer.
The radar signal received by the Rx antenna is first amplified using a LNA (low noise amplifier). Then the signal is converted to the base band through a mixer. The base band signal then is sampled by the ADC and stored into the FLASH memory.
Fig.2 . Radar system block diagram

FMCW signal generation
The FMCW signal is generated based on the PLL+VCO architecture. In this system, the signal generation module uses one LMX2492 as the PLL and one RFVC1843 as the VCO which is shown Fig.3 . The signal bandwidth is from 9.2 GHz to 10.3 GHz with the frequency modulated in the sawtooth waveform. 
Antennas
Two X band antennas are used for transmitter and receiver antenna. There are two options can be selected in this radar. Currently, we use the standard horn antenna with 15db gain shown in Fig.4 . 
Base band module
Base band module is mainly used to acquire and store the intermediate frequency (IF) signal of the receiver mixer. In order to make the base band module compact, all the components FPGA, ADC, interface with GPS/IMU, PLL and other communication ports are integrated into one board shown in Fig.6 and Fig.7 .
FPGA is the center controller of the radar. Its functions include PLL configuration, interface with ADC, memory controller of NAND FLASH, communication with GPS/IMU and USB interface. The ADC LTC2157 is used for the signal acquisition. The sampling rate currently is set to 1Msps for a short range but can be changed up to 250Msps for a much longer range. The NAND FLASH is used as the large volume memory for the ADC sampling data. In order to increase the data write speed, four double die NAND FLASHs are used. The read/write speed of the memory can be more than 100MB/s and the maxim volume can be 32G Bytes. 
Motion compensation
One of the main challenges of the high resolution SAR is the non-ideal motion of the radar platform especially on the small rotary UAV. Basically, there are two motion errors including antenna position deviation from the ideal trajectory and unstable antenna attitudes. The position error will shift the radar echos from the correct position and change the phase related to the range between the antenna and the ground object. The variation of the attitude of the antenna changes the pointing angle of the antenna then will make the antenna gain unstable for the irradiation area. In this paper, the SAR image resolution is set to 0.3 meter. It is difficult to achieve this requirement in the azimuth with a relative low cost motion measurement device. However, it is still possible to use a relative high accuracy GPS/IMU to reduce the motion measurement error to 2cm and through the autofocus algorithm to achieve the accurate phase compensation.
In this system, we use a low cost RTK GPS device to get the antenna position. The RTK rover is installed on the UAV and the base station is fixed on the ground. The communication between the rover and station is through a radio connection. According to the specification, the RTK can achieve a accuracy up to 2cm. However it is still difficult to get a fix solution using the low cost GPS antennas. So we use a helix antenna for the rover and a big antenna for the base station. The IMU is mainly used to measure the attitude of the antenna. It can also be used to estimate the velocity or position of the UAV. However the bias and noise of accelerometer and gyroscope will lead to a big random walk error even in a short period.
The GPS/IMU data is connected with the FPGA and stored to the FLASH together with the ADC data. This will help to synchronize the motion measurement with the ADC sampling.
Software Design
In the current system, the ADC data is stored in the FLASH of the base band module for post processing. The data can be read to the computer through the USB interface. The data is then processed to generate the SAR image using the SAR focus imaging algorithm. Next, a short introduction of the SAR algorithm is discussed.
The received signal of FMCW SAR can be expressed as 
Where ta is the time in the azimuth direction, tr is time in the range direction, kr is the linear frequency modulation rate, C is signal amplitude, rc is the reference range, rt is the range from the object to radar antenna and r0 is the shortest range. rt is the function of r0,ta and tr, where v is the velocity of the platform. In (1) the first item is phase related to the azimuth direction, the second item is the phase related to the range, the third phase item is called the residual video phase (RVP).
We use two algorithms to process the data. The first is classical RD (Range Doppler) algorithm [6] . It can be simplified to two one-dimension processing where the main steps are shown Fig.8 . The first step is range compression through a FFT (Fast Fourier Transform) in the range direction, then the signal is transferred to range Doppler domain using a FFT in the azimuth direction. In the third step, the range migration is removed in the range Doppler domain through a interpolation in the range direction. At the end, the signal is multiplied with the azimuth matched filter then the final SAR image is focused using an IFFT (Inverse Fast Fourier Transform) in the azimuth direction.
RD algorithm is the most widely used algorithm for real time processing with low computational complexity. In this paper, we mainly focus on side looking SAR for small area where the RD algorithm is effective with the RVP and other small range-azimuth coupling phase items neglected .
Fig.8 Block Diagram of Range Doppler algorithm
The second algorithm used is the range migration algorithm (RMA) [7] . Compared with RD algorithm, RMA is a more accurate algorithm SAR imaging algorithm. The processing steps of RMA algorithm are shown in Fig.9 . Fig.9 Block Diagram of range migration algorithm algorithm First, a FFT is carried out in the azimuth direction. Second, the signal is multiplied with phase compensation item
Where Rs is the range between the center of the object area and the antenna, KR and KX are the wave number in the range and azimuth direction, X1 is the object coordination in the azimuth direction. Third, a Stolt interpolation is done in the wave number domain. At the end, the final image is focused with a two dimension IFFT. In the RMA algorithm, the Stolt interpolation is the most complex processing step with a high computation burden for real time processing. So we will use it only in the rail SAR test for water and ice detection.
SYSTEM DEVELOPMENT AND TEST
The SAR system development is carried out into three steps. First, the system is integrated and test on one guide rail. Then it is mounted on the car for ground test. At the third step, it is integrated on the UAV platform.
Guide rail test
As shown in Fig.10 , the radar moves along the rail driven by a step motor. The movement is in constant speed and the motion error can be neglected. In Fig.11 , the experiment area is in the grass ground with one iron tube and trees around. In the focused image Fig.11(b) , the iron tube is shown as a point object in left corner and other stronger point objects are of the trees. There are also small backscatter objects from grass land. 
Car test
In this test, the radar system is mounted on one car. The car moves along a straight line and tries to keep constant speed. However, there are still big motion errors because the actual moving speed and trajectory depends mainly on the human manipulation. In order to measure the motion data, the RTK device is used. Shown in Fig.13 , the radar antennas and RTK rover antenna is mounted on the top of the car. The RTK rover antenna is placed in a fixed position in the Fig.14(a) . The data captured is processed through the RD algorithm. After pulse compression in the range direction, it can be seen that actually the range migration of the object is not an ideal curve shown in (2) mainly because of the varied speed of the car. Through the RTK, the antenna position and velocity can be measured and the actual range migration and the azimuth matched filter can be estimated. However in the current experiments, the motion error still exists. One reason is that it is not easy to get the fixed solution with the current GPS antenna.
In order to solve this problem, two new GPS antennas have been used and installed on the UAV platform for further tests. 
UAV INTEGRATION
After the rail and car test, the radar system is integrated on the UAV platform with the motion compensation module. The total weight of the radar system is less than 2 kg including the batteries. The power consumption is below 20 W. We choose the DJI S1000 as the UAV platform. Its maximum takeoff weight is 11 kg with enough payload capability for the radar system. As shown in Fig.16 , the radar module is mount on the top of the UAV and two radar antennas are fixed at the bottom. In order to get the fixed solution of the RTK receiver, one helix antenna is used at the top of the radar box.
Fig.16 UAV SAR integration
RADAR TEST WITH WATER, ICE AND OIL
In order to explore the UAV SAR application in the marine or arctic environment, we also make some tests with water, ice and oil. In one of the tests, a basin filled with water and a block of ice was imaged. From the result in Fig.17 , it can be seen that the ice can be detected in the basin. However, the main limitation of the experiment is that the basin is too small to neglect the backscatter from the edge of the basin. It is also difficult to generate wave in such small area. This condition can be improved with a bigger pool where more tests will be carried out.
CONCLUSION
In this paper, a SAR prototype is developed for UAV platform. The system has advantages of compact size and lightweight. The radar uses the FMCW configuration with 1.1 GHz bandwidth. The system has been test and verified on the rail and car with the 0.3 meter resolution. In order to explore the UAV SAR in marine and arctic applications, radar image tests of water, ice are also carried out with the preliminary test results.
